that degassing at both volcanoes is controlled by conduit convection, involving physical separation between gas and magma at comparatively shallow levels. Variations in daily degassing rates were up to a factor of ca. 12 and 10 for Villarrica and Llaima, respectively, without any noticeable changes in the periodicity. We thus suggest that the described cyclic variations must be taken into account for all comparable volcanoes when using gas monitoring as a tool for volcanic hazard mitigation.
Introduction
In most cases, volcanic unrest is preceded by movement of magma into the upper crust, which produces characteristic changes in seismic activity and is typically accompanied by magmatic degassing well before an eruption (e.g. Malinconico 1979; Casadevall et al. 1981; Olmos et al. 2007; Conde et al. 2013) . Eruptions may be caused by the movement of deep-seated magma, tectonic activity and unloading of the magmatic system due to mass wasting (e.g. Sigurdsson et al. 2000) . However, volcanic activity may also be influenced by external forces, which either induce periodically recurrent activity changes or discrete volcanic events (Schmincke 2004) . Cyclic variations of volcanic activity at different timescales have been attributed to short-period oscillatory stress changes caused by the solid Earth tides (Johnston and Mauk 1972; Dzurizin 1980; McNutt and Beavan 1987; Patane et al. 1994; Sottili et al. 2007) , regional sea-level changes or ocean tides (Kasahara and Sato 2001) , barometric pressure and temperature changes, as well as variations of precipitation and soil 1 3 moisture (Neuberg 2000; Mason et al. 2004 ), all of which may potentially modulate changes within the magmatic system of a volcano. Triggering of volcanic eruptions due to external forcing has been attributed to storms and heavy rainfalls (Mastin 1994; Matthews et al. 2002) or to distant regional tectonic earthquakes which cause static and/ or dynamic pressure changes inside the affected volcano (Yokoyama 1971; Linde and Sacks 1998; Barrientos 1994; Hill et al. 2002; Manga and Brodsky 2006; Walter 2007; Scalera 2008; Watt et al. 2009; Bonali et al. 2013 ).
This study is based on about 6 months of semi-continuous measurements of degassing patterns of SO 2 from Villarrica and Llaima volcanoes, using scanning Mini-DOAS UV spectrometers of the NOVAC type (Galle et al. 2002) . We derive a baseline activity signal for each volcano and are also able to determine cyclic variations in degassing activity. The variations in degassing rates of the two volcanoes are compared to tidal vertical displacement variations of the solid Earth. As both volcanoes are prone to erupt, we focus on constraining processes controlling the observed repeated variations in their activity, in order to better understand the triggering of volcanic unrest.
Geological setting
Chile comprises about 100 volcanoes which have been active during the Holocene and display several types of volcanic activity, including large and small eruptions, passive degassing and fumarolic degassing. Volcanism in this area is related to the oblique subduction of the Nazca plate below the South American plate (Stern 2004) . Llaima (39°36′S) and Villarrica (39°24′S) volcanoes are situated about 83 km apart in the northern part of the Southern Volcanic Zone (SVZ) of south-central Chile (López-Escóbar et al. 1977 ; Thorpe and Francis 1979; Stern 1989) (Fig. 1) . They are located close to the same large fault system, the NNE-SSW-trending Liquiñe-Ofqui Fault Zone (LOF). Villarrica volcano is the westernmost of three volcanoes forming the Villarrica-Lanín volcanic chain and is situated on the triple junction between the SE-trending Mocha-Villarrica Fault Zone (MVF) and a main fracture of the LOF. Llaima volcano in contrast is located about 10 km off-axis shifted immediately to the west of the LOF. The glacier-capped Pleistocene-Holocene stratovolcanoes are two of the most active volcanoes in South America, characterized by a postglacial period (<14,000 years) of violent explosive activity (Naranjo and Moreno 1991; Moreno et al. 1994) , and have produced 60 and 50 mainly effusive historical eruptions, respectively (e.g. Petit-Breuihl 1994; Simkin and Siebert 1994) . General volcanic hazards at Villarrica and Llaima volcanoes include sector collapses, pyroclastic flows, debris avalanches and lahars (Naranjo and Moreno 1991; Castruccio et al. 2010) . Postglacial activity at Villarrica comprises pyroclastic flows, thick lava flow sequences and fallout deposits, all of dominantly basaltic to basaltic andesite composition, while postglacial Llaima comprises lavas, ignimbrites and fallout deposits covering basaltic to dacitic compositions (Hickey-Vargas et al. 1989 ; Fig. 1 Naranjo and Moreno 1991; Lohmar et al. 2005; Mahlke 2009; Schindlbeck 2012) .
The main edifice of Llaima has two summits which both host craters. The northern one rises about 3.120 m above sea level, and the slightly smaller Pichillaima cone on Llaimas south-eastern flank forms a second, lower summit which is about 2.920 m high . After the 2008/2009 eruption, the visible activity of Llaima volcano has mainly been characterized by fumarolic degassing from the craters. The 2.847 m high Villarrica volcano in contrast hosts a small (30-60 m in diameter) persistently degassing lava lake in its summit crater since its last eruption in 1984 eruption in /1985 eruption in (Calder et al. 2004 Palma et al. 2008) . The level of this lava lake is known to periodically rise and fall for about some tens of metres, oscillating between roughly 180 and 50 m below the crater rim (Fuentealba et al. 2000; Calder et al. 2004 ). Comparatively high SO 2 emission rates have been measured during high stands of the lava lake (Palma et al. 2008 ).
Methods
Semi-continuous gas measurements have been conducted at Villarrica volcano since March 2009 to determine sulphur dioxide fluxes using three automated stationary scanning dual-beam Mini-DOAS (UV spectrometers). At Llaima volcano, further two instruments were installed starting the data acquisition in February 2010. These so-called NOVAC instruments were deployed within the framework of the Network for Observation of Volcanic and Atmospheric Change (NOVAC; Galle et al. 2010 ) as a part of a collaboration between the Collaborative Research Center "SFB 574" (Volatiles and fluids in subduction zones-Climate feedback and trigger mechanisms for natural disasters) at the University of Kiel and the Chilean volcano observatory (OVDAS), which is a subdivision of the Chilean geological survey and mining authority (SERNAGEOMIN). The stations are distributed from south-east to north-east of the volcanoes (Fig. 1) according to the prevailing westerly wind directions yielding a temporal plume coverage of more than 80 %. The instruments scan across the sky measuring a differential spectrum of the incoming scattered sunlight at various scanning angles along a vertical or conical scanning plane which is spanning from horizon to horizon. At angles where the plume intersects the scanning plane, specific wavelengths of the sunlight spectrum are absorbed by the gases within the plume. Measurements are conducted from sunset to sundown, and each scan takes between 5 and 15 min depending on the UV intensity of the sunlight. Every scan starts with the collection of two reference spectra, a "sky spectrum" at the zenith position and a "dark spectrum" at the nadir position. According to the UV intensity measured in the sky spectrum, the instrument automatically adjusts the exposure time in the range of 50-1,000 ms, which is then used during the entire scan. Scans were evaluated using the NOVAC software (Johansson et al. 2009 ) in order to determine the total amount of SO 2 in the atmospheric column at each scanning angle. Evaluation was performed using a wavelength range between 310 and 325 nm of the measured differential spectra, using high-resolution absorption cross sections of SO 2 (Vandaele et al. 1994) and O 3 (Voigt et al. 2001 ), a ring spectrum and a solar spectrum, respectively, as references. Because the intensity of scattered UV light in the atmosphere decreases strongly when the sun approaches the Earth's horizon, the errors for UV spectroscopic measurements also increase significantly in this period. A similar situation involving rapid increase in the UV intensity occurs in a time interval following the sunrise. In order to assure internal and external consistency for all measurements, we chose to neglect spectra recorded during the first hour after sunrise and the last hour before sunset (see Supplementary material).
The calculation of accurate gas fluxes using DOAS requires knowledge of the plume height, wind direction and plume velocity, the latter typically introducing the largest error into the flux calculations, i.e. if the assumed plume velocity differs too much from its true speed (e.g. Stoiber and Jepsen 1973; Williams-Jones et al. 2006) . In favourable cases, the above parameters can be calculated from measurements made with the scanning DOAS instrument (Johansson et al. 2009 ). For the sake of consistency, however, fluxes presented here were calculated using wind speeds and directions at plume height from the GDAS1 model, which is provided by the National Oceanic and Atmospheric Administration (NOAA) at https:// ready.arl.noaa.gov/READYamet.php. Statistical tests were performed in order to assure that no bias had been introduced in the time series due to, for example, possible systematic intra-day wind speed variations (see Supplementary material). Time series used in this study span the period from 13 February to 31 July 2010. This time interval was chosen firstly because of the very good continuity of degassing data from both volcanoes, and secondly because the volcanoes were in very different states of activity during that time, making a direct comparison even more interesting. Llaima had just ended an activity cycle at the end of the 2008/2009 eruption, whereas Villarrica seemingly started a new cycle of enhanced activity in the same period.
Due to the limited but variable amounts of measurements performed at most volcanoes so far, SO 2 fluxes have typically been reported as daily averages in units of metric tons per day (t day ). In order to evaluate intra-day variations, however, we chose to perform statistical evaluations for the present paper using an hourly resolved data set (i.e. using hourly averages presented 1 3 in units of kg s −1 ), which involves using discontinuous time series, as the UV spectra could only be collected during daylight. These hourly averages were used to calculate daily averages that are presented in units of t day −1 . In order to evaluate the role of the tidal stresses in modulating the degassing activity at Villarrica and Llaima volcanoes, we further calculated the theoretical vertical ground displacements due to the solid Earth tides. Calculations were made according to the IERS conventions (2010) using the CalSky online calculator provided by Arnold Barmettler at CalSky.com (2013) .
Results
Villarrica and Llaima volcanoes presently exhibit different degassing behaviour. Following the most recent eruption of Llaima in 2008/2009, the vents were obstructed and the craters filled with collapsed scoria deposits. Permanent fumarolic activity persists at Llaima volcano, but the gas discharges are only seldom visible from greater distance. Our impression is that magmatic degassing partly occurs as fumarole activity and partly as diffuse degassing through the permeable deposits inside the craters. The resulting plume is hardly visible due to little condensation. Time-averaged SO 2 fluxes measured at Llaima during the period from February 2010 to end of July 2010 were 256 ± 202 t day −1 (Fig. 2 ), which we consider as the baseline after the 2008/2009 eruption. The average fluxes were, however, rising slightly in the selected period. The presented values are surprisingly high, considering the "invisibility" of the emissions, though they are lower than the average SO 2 fluxes of 630 ± 286 t day −1 measured in February 2003 by Mather et al. (2004) .
Villarrica volcano, in contrast, has a visible, well-condensed plume ascending from the main crater. A degassing baseline of 444 ± 296 tons SO 2 day −1 was determined for Villarrica from measurements that were conducted in 2009 (see Fig. 7 in Mora-Stock et al. 2012) . These values are consistent with SO 2 fluxes determined during previous studies, which were 260 ± 170 t day −1 (Palma et al. 2008 ). However, the SO 2 emissions derived for the period between February 2010 and July 2010 averaged 1,072 ± 880 tons day −1 (Fig. 2) . Thus, Villarrica exhibited enhanced degassing activity during this time interval, and on May 10, the level of the lava lake was observed to be rising to about 100 m below the crater rim [GVN report 04/2010 (BGVN 35:04) ]. These observations are supported by the enhanced occurrence of MODVOLC hot-spot alerts (http://modis.higp.hawaii.edu/) in the period of investigation.
MODVOLC is an algorithm used to detect local high-temperature thermal anomalies and is based on data from the thermal infrared sensors of the Moderate Resolution Imaging Spectroradiometers (MODIS) on-board NASA's Earth Observing System (EOS) satellites. Since the lava lake at Villarrica is only visible for MODIS at high stands, when the level is higher than roughly 100 m below the crater rim, (<90 m in the case of GOES; Calder et al. 2004) , such hotspot alerts are indicative of enhanced lava lake activity.
In Our comparison of SO 2 flux time series obtained by continuous measurements using scanning mini-DOAS at Llaima and Villarrica volcanoes reveals synchronous changes in the degassing activity of both volcanoes, but also shorter period (2-4 days) variations characteristic for the individual systems (Fig. 2) . Thus, the observed concurrence is reflected by nearly identical SO 2 emission patterns (i.e. equal timing of occurrence and equal duration of degassing peaks and lows).
Calculation of the Pearson's correlation coefficient yields a moderately positive correlation of r = 0.47 which is significantly above the approximately 95 % confidence level for the given sample size of 169 days each. The covariation between the two data sets is also underlined by the sliding correlation coefficient calculated for a moving time window of 10 days (Fig. 2a) , showing that many of the local degassing maxima correlate very well. These observations are further supported by a scatter plot of the degassing pairs showing a smooth positive trend (Fig. 2b) , and by the moderate positive correlation at lag zero of the cross-correlation sequence derived from both SO 2 flux time series (Fig. 2c) . The presented correlation sequence clearly shows that the degassing maxima are not randomly distributed. Further visual examination of the daily average degassing data reveals several timescales of periodic variations in degassing rates, which both volcanoes have in common. The most obvious systematic variations are represented by near-weekly cyclic fluctuations of the emissions, spanning a factor of 1.5-10 for Llaima and a factor 1.5-12 for Villarrica, respectively. An additional fortnightly cycle is well-documented by the cross-correlation sequence in Fig. 2c . Such similarities of the two data sets indicate that the periodic changes in degassing activity observed at both volcanoes are controlled by common variations in certain physical phenomena, which in turn lead to synchronous variations in the outgassing of the two magmatic systems.
In order to further constrain the synchronicity of degassing from Villarrica and Llaima within a day, SO 2 time series using hourly averages were compiled for each volcano. The hourly degassing rates either show a cuspate trend with maxima in the morning and in the evening, or alternatively a maximum either in the morning or in the evening (Fig. 2d) . In any case, the variations throughout the day are quite significant. Also, on such short timescales, there is a clear covariation between the data from Villarrica and Llaima, suggesting a common mechanism for the variations. The intra-day variations in SO 2 fluxes are typically the highest on days with comparatively high average degassing rates.
Discussion

Correlation between Earth tides and degassing
Our degassing data for the Villarrica and Llaima volcanoes show a common periodicity at the intermediate timescales Both time series were detrended by a second-order polynomial highpass filter (Savitzky and Golay 1964) applied to data frames of 33 days and then normalized to mean zero and a variance of 1 (z score) before the correlation sequence was calculated. d Examples of hourly resolved SO 2 fluxes measured during the last 2 weeks of June 2010 observed here, i.e. at about fortnightly and weekly frequencies ( Fig. 2a-c ). As such a periodicity is similar to that expected for tidal cycles, we want to test the hypothesis that the observed periodicity at both volcanoes can be explained by external forcing through tides. The vertical ground displacement Earth tide curves for Villarrica and Llaima are shown in Fig. 3 . Tides are usually classified as one of three types, namely diurnal, semidiurnal or mixed tides, according to the characteristics of the tidal pattern. The tides prevalent at latitudes of the SVZ are generally mixed-type tides consisting of both diurnal and semidiurnal waves with different amplitudes, which are interfering with each other. The tide resulting from the combination of the diurnal and the semidiurnal waves is characterized by a large inequality in diurnal and semidiurnal high tide heights, and similar low tide heights. There usually are two high tides and two low tides each day, but the semidiurnal oscillation diminishes towards the fortnightly tidal minimum, where it occasionally vanishes, becoming a diurnal tide (Fig. 3) . The hourly resolved vertical tidal oscillations calculated for Villarrica and Llaima deviate in height between roughly −0.2 and 0.3 m around the conventional tide-free crust as given by the international terrestrial reference frame (ITRF). Fortnightly variations in the width of the tidal modulation envelope are more pronounced during southern hemisphere (SH) winter (Fig. 3a) , when also the highest variations in degassing rates were observed (Fig. 3b, c) .
A fast Fourier transform algorithm was applied to compare periodic variations in the hourly average SO 2 flux time series with the vertical (tidal) ground displacement time series of Villarrica and Llaima volcanoes (Fig. 4a) . Spectral power estimates were calculated using Thompson's multitaper method (MTM) in which we applied a timebandwidth product of 1.25 in order to obtain the highest Fig. 3 a Hourly resolved vertical ground displacement pattern of the solid Earth tides calculated for Villarrica volcano. The corresponding curve for Llaima is not displayed here, because it essentially looks the same, only with slightly higher amplitudes. Empty and filled circles represent the timing of full and new moon phases, respectively, which are slightly out of phase with respect to the corresponding fortnightly tidal maxima. Note the increasing amplitudes of diurnal tidal variations towards the second half of the depicted time series (SH winter), as well as increasing differences between fortnightly tidal maxima and minima. "Darker areas" within the tidal modulation envelope correspond to the semidiurnal oscillations. b, c Linearly interpolated hourly average SO 2 flux (blue) and the daily average degassing time series smoothed by a 7 days polynomial filter (black) and daily resolved vertical ground displacement time series (red) of b Villarrica and c Llaima. The daily resolved tidal curves were calculated according to Butman et al. (1983) by least-squares fitting using a combination of three semidiurnal tidal constituents (M 2 = 0.52 days-principal lunar semidiurnal, N 2 = 0.53 dayslarger lunar elliptic semidiurnal and S 2 = 0.5 days-principal solar semidiurnal), which were squared and low-pass filtered in order to generate the fortnightly and monthly forcing curve. The time series in a-c cover the period from 13 February to 31 July 2010 1 3 possible spectral resolution, however, at the expense of a larger variance. The power spectra of the modelled Earth tide signal comprise a set of short-term and long-term constituents with wavelengths corresponding to solar and lunar cycles. Some of the major tidal constituents and their corresponding Darwin symbols are listed below (Table 1) .
Long-term variations (weekly to monthly)
Common significant cycles of the degassing time series were identified corresponding to periodicities of 28-33, 13-16, 6-9, 1 and 0.5 days, respectively. The highest amplitudes in degassing variations correspond to the approximately fortnightly oscillations and stand out against the variations of the monthly and weekly cycles. The additional higher frequency oscillations in the range between 2 and 4 days are less pronounced than the weekly (to ter-monthly; 9.13 days) cycle and correspond to rather irregular patterns of short-term variations in degassing. Cross-correlation of the degassing and the tidal time series (Fig. 4b) shows a clear negative correlation of the signals, indicating that the stronger fortnightly degassing maxima occur preferably during the fortnightly tidal minima, whereas the remaining weekly degassing maxima are correlated with the
Fig. 4 a Periodograms of the degassing time series (blue) and of the modelled Earth tide curves (red) for Villarrica (top) and Llaima (bottom).
The red curve is a composite of the normalized power spectra of both the hourly (periods 0.25-50) and the daily (periods 2-50) resolved tidal model curves. Time series were detrended by a 69 days polynomial high-pass filter before Fourier transformation (as in Fig. 2c) . b Cross-correlograms of the detrended SO 2 flux time series and the daily resolved tidal curves of Villarrica (top) and Llaima (bottom) with the 95 % confidence intervals depicted. A high-pass filter was used to remove slow oscillations above 33 days from the SO 2 flux data, which were additionally smoothed by a 13 days low-pass filter. For orientation, some tidal constituents are indicated by their Darwin symbols on top of each diagram fortnightly tidal maxima. A possible time delay between the fortnightly tidal and degassing cycles could be inferred from the periodograms, as the degassing cycles seem to be slightly longer than the lunisolar synodic fortnightly Earth tide constituent (MS sf ) and have a peak at periods of 16.8 rather than 14.77 days. However, the amount of delay would add up in each consecutive fortnightly cycle, and thus, the oscillations of tide and the degassing would be completely out of phase after several fortnightly cycles, which is not the case. The quasi-16-day peaks in the degassing spectra are, however, very broad, due to the gradual decrease in spectral resolution towards longer periods, and overlap with the fortnightly band of the Earth tidal spectra. A 1-2 days shift towards longer wavelengths is also apparent from the cross-correlograms (Fig. 4b) . The delay between fortnightly cycles is, however, not confirmed by the correlograms (Fig. 4b ) and probably can be assigned to spectral bias. The observed lack of phase delay between degassing maxima and the tidal minima suggests a rather shallow degassing source, or rapidly upwelling gas.
Short-term variations (intra-day)
The calculated hourly flux variations observed at Villarrica and Llaima were compared to the hourly variations in the local Earth tide signals (Fig. 5) . For both volcanoes, there is typically a correlation between degassing minima and both the minima and maxima (i.e. both the bottom and top dead centres) of the respective vertical ground displacement curves. Further systematic patterns can be recognized when each fortnightly tidal cycle is considered separately (Fig. 5) . During each fortnightly tidal minimum, the daily degassing minimum is strongly positively correlated with the minimum of the diurnal Earth tide signal. During each fortnightly tidal maximum, however, the daily degassing minimum is strongly positively correlated with the maximum of the diurnal Earth tide signal. Both situations strongly indicate that degassing rates are comparatively small during static situations when the changes in tidal forces are minimal. Accordingly, the daily maxima in degassing rates coincide with comparatively rapid dynamic changes in the tidally induced vertical ground displacement, i.e. the degassing peaks correlate with the steep flanks of the cyclic tidal signal. In order to constrain possible causal relations, we further examine the power spectra in Fig. 4a , which show pronounced peaks at diurnal and semidiurnal solar periods (S 1 = 24 h, S 2 = 12 h). However, the peaks in the degassing spectra at diurnal and semidiurnal lunar periods (M 2 = 12.42 h, O 1 = 25.81 h) are comparatively low, or daylight, overlap with semidiurnal and diurnal tidal lows. Diurnal degassing minima seem to be centred on the tidal lows (and the low high tide). The strongest degassing occurs when the displacement rate is high even missing, although the M 2 constituent is the strongest one in the Earth tide signal. This observation is also corroborated by a 50-min shift day −1 in the cross-correlation sequence calculated for the Earth tide signal and the degassing signal (see Supplementary material Fig. S4 ). Such a shift suggests that the diurnal and semidiurnal oscillations of the degassing signal rather have periodicities corresponding to the 24 h length of a solar day (S 1 = 24 h) and occur at a quasi-constant local time every day. The solid Earth tide signal, in contrast, results from oscillations at wavelengths of both the solar and lunar (M 1 = 24.85 h) days, which is in turn causing the observed shift between degassing and Earth tide. An additional short-term constituent occurs in the degassing spectra at ter-diurnal periods Fig. 6 Frequency histograms for hourly degassing variations at Villarrica (light blue) and Llaima (dark blue) as a function of local time. Air pressure maxima and minima are indicated (stippled red lines). Measurements of the whole period (13 February to 31 July 2010) were averaged, and both volcanoes show a distinct degassing minimum between 1500 and 1700 h UTC Fig. 7 Proposed model of the tidal outgassing cycle. a Diurnal tide (red line) and corresponding oscillation of the lava lake causing strong degassing during phases of movement and elevated tidal strain which is highest at the inflection points of the tidal wave. At the tidal turning points, i.e. during lava high stands and low stands, the surface of the lava lake encrusts and SO 2 emissions diminish. b Fortnightly tide (black line) and oscillation of the lava lake with local degassing maxima at the moment of highest compression, i.e. during fortnightly high stands, and less pronounced maxima during fortnightly low stands. The diurnal/semidiurnal tidal curve (red line) is depicted in the background to clarify timescale differences compared to Fig. 6a 1 3
(S 3 = 8 h), which is, however, completely missing in the Earth tide spectra, and is rather a feature typically found in atmospheric tides. We thus consider atmospheric tides as an additional forcing mechanism to explain the intra-day degassing variations.
Earth tides, atmospheric tides and volcanic degassing Atmospheric tides are periodic oscillations of the atmosphere on a global scale and thus have resemblance to Earth or ocean tides. They induce cyclic variations in barometric pressure, wind, temperature and atmospheric density. The barometric pressure variations are primarily related to periodic heating of the atmosphere by the sun, resulting in regular but small surface pressure variations, with pressure maxima every 12 and 24 h, which occur at a constant local time every day and are only to a lesser extent influenced by gravitational forces (Lindzen and Chapman 1969 ). In contrast, longer-period oscillations in the atmospheric tides are indirectly influenced by lunar and solar gravitational forces, as they are mainly produced by motion of the oceans and the Earth's crust, which in turn result in redistribution of atmospheric surface loads.
In order to compare the observed degassing variations with the action of atmospheric tides, we constructed a frequency histogram for hourly degassing variations as a function of local time and compared the location of timeaveraged degassing maxima and minima with the theoretical pattern of surface pressure oscillations (Fig. 6) . The regional theoretical air pressure maxima occur at 1400 and 0200 h UTC, and the former is followed by a degassing minimum 1-2 h later (the latter cannot be detected, as no gas data are acquired during the night). Similarly, pressure minima at 0800 and 2000 h UTC are followed by degassing maxima with a time lag between both signals of approximately 1-2 h. Taken at face value, this would imply a simple compression-decompression mechanism for the semidiurnal and diurnal degassing cycle, which can easily be integrated in the proposed model for the tidal forcing. It should be noted, however, that local pressure variations strongly depend on the weather situation and thus can only deliver part of the explanation for the observed intra-day degassing cyclicity.
In order to complete the picture, we note that both the fortnightly and weekly degassing maxima represent periods when also the intra-day degassing variations are the highest, underlining the effect of diurnal tidal variations on degassing rates. During the fortnightly degassing maxima, the action of both Earth tides and atmospheric tides is in phase. If the model presented here is correct, we would expect the effects of Earth and atmospheric tides to add up at fortnightly intervals, which is how we interpret the present data.
Summing up, covariations between degassing rates and tidal forces were observed on both diurnal and longterm (weekly/fortnightly/monthly) timescales. The diurnal maxima in degassing rates typically correlate with both the highest rates of change in the Earth tide signal and the lowest atmospheric pressure, whereas the weekly degassing maxima occur during both the fortnightly tidal minima and maxima. Degassing maxima occur fortnightly, when the actions of Earth tides and atmospheric tides are in phase. We suggest that a combination of mechanisms acting at different timescales must be used to explain such a systematic behaviour.
The tidal pump
Degassing mechanisms
In order to constrain the mechanisms for tidally induced degassing, we will assume that the periodic ascent and retreat of the Villarricas lava lake can be ascribed to the gravitational forces of the Earth tides and possibly the diurnal pressure changes through atmospheric tides. We assume that the same mechanism would work for the magma plumbing system of the partly obstructed Llaima volcano. The causal connection between Earth tides and variations in the lava lake level at Halemaumau crater (Kilauea volcano, Hawaiii) was suggested already in 1925 (Jaggar et al. 1924; Brown 1925; Shimozuru 1975) . They found that the high tides of the lava lake occur when the lunisolar attraction of the solid Earth is at the minimum and vice versa, and attributed the squeezing out and draining back of the magma to a volume change in the magma reservoir due to Earth tides. Similarly, a linkage between volcanic sulphur dioxide emissions and Earth tides at Halemaumau was suggested by Connor et al. (1988) , who measured gas fluxes using a correlation spectrometer (COSPEC). They were able to show a positive correlation between outgassing and the fortnightly tidal maxima. A comparison of diurnal variations of the Earth tide and gas emissions at Masaya caldera led Stoiber et al. (1986) to conclude that higher amounts of gas were more likely to be released at maximum and minimum rates of tidal strain.
In a basaltic open-vent system, gas transport to the surface can follow both as a two-phase flow in the form of gas slugs resulting from bubble coalescence (Sparks 1978; Jaupart and Vergniolle 1988; Parfitt 2004) , and also partly as bubblebearing magma containing still-dissolved volatiles, which moves up simply by convection, even in a narrowly spaced conduit. Outgassing through convective transport of magma in a conduit is a self-sustaining mechanism, which is driven by the density differences between degassed and buoyant gassaturated/vesiculating magma (e.g. Kazahaya et al. 1994; Stevenson and Blake 1998; Gonnermann and Manga 2007) .
The diurnal and semidiurnal cycle
For the diurnal and semidiurnal cycle at Villarrica, we envision that the tidal compression, probably sustained by atmospheric pressure changes, causes the lava lake to rise in the conduit when approaching the low tide (Shimozuru 1975) , and outgassing will be effective due to the movement of the magma column (Fig. 7a) . The ascent of the lava lake stagnates and attains high stand when the tidal minimum has been reached, degassing activity diminishes and the lava lake immediately starts to crust over see also Nadeau et al. 2011) . Movement of the magma column picks up again when tidal expansion takes over, causing the magma to retreat, inducing accelerated down-flow, and in turn forcing the ascent of fresh magma. Thus, the degassing activity increases again until the low lava lake stand is attained. We prefer to call this mechanism "the tidal pump" and note that it can be used to explain much of the diurnal and semidiurnal variations observed in the data sets from Villarrica and Llaima, where degassing maxima typically occur during the presumed rapid changes in lava lake level, whereas the degassing minima correspond to the high and low stands.
The observed enhanced degassing rates during rapid changes in the lava lake level can probably best be explained through conduit convection processes. If the lava stand increases, the magma column increases in length, promoting the influx of bubble-rich and thus comparatively buoyant magma to the conduit. The fresh magma releases its relatively high gas contents upon final ascent. When the lava stand in the conduit decreases, the rate of descent of degassed, comparatively dense magma is promoted by the decrease in magma column length. Further, the pressure decrease at depth promotes bubble formation. Once the return flow of denser magma arrives at deeper levels, probably at the top of a shallow reservoir that contains relatively undegassed magma, the latter is forced to rise into the conduit driven by the density contrast. Thus, both extension and reduction of the magma column height can lead to enhanced degassing.
The fortnightly cycle
The observed fortnightly degassing cycle inherently contains the variations described for the diurnal cycle and thus includes processes occurring on various timescales. As the diurnal and semidiurnal rates of stress changes are larger than the fortnightly variations, except for the period around the fortnightly tidal minimum (Fig. 7b) , their effect on degassing should accordingly be more pronounced, which is consistent with the high variability of the SO 2 fluxes throughout a day. Compression, however, reaches a maximum during the fortnightly tidal minimum, and accordingly, the level of the lava lake is expected to arrive at the highest high stand during the fortnightly tidal minimum, although the amplitudes of the diurnal tides are usually smaller than during the fortnightly tidal maximum (Fig. 7b) . On the other hand, the concerted action of Earth and atmospheric tides in this period should compensate for the smaller diurnal variations. The degassing maxima during the fortnightly tidal minima seem to contradict the smaller amplitudes on a diurnal timescale, and accordingly little displacement of the magma column. However, the longer the magma column is, the more the forced ascent of magma is expected to promote conduit convection and thus degassing. On the other hand, during the fortnightly tidal maxima, when the lava level would be low, the stronger semidiurnal tidal oscillations may also affect deeper parts of the magma plumbing system, thus positively influencing conduit convection, like suggested above for the diurnal cycles.
In the case of Villarrica, the relative synchronicity between degassing and tidal movement suggests a domination of comparatively shallow degassing processes. This is supported by CO 2 /SO 2 ratios close to unity in the Villarrica plume (Shinohara and Witter 2005) , which indicate equilibrium between magma and the gas phase at low pressures, and by modelled crystallization depths of <17 MPa ). A degassing model based on convection experiments shows that conduit convection may be an important process at Villarrica (Palma et al. 2011) , perfectly in line with our results.
Summing up, both fortnightly tidal minima and maxima correspond with degassing maxima, which are best explained by a combination of magma column length and the amplitude of diurnal tidal variations, both of which promote conduit convection. Thus, the degassing patterns are modulated by tidal forces.
Seasonal variations in activity
In the case of Villarrica and Llaima volcanoes, the correlation between degassing processes and Earth tides on diurnal to monthly timescales seems unequivocal.
There are, however, several factors playing a role for semi-annual cycles of crustal loading and unloading that may influence volcanic activity. Some of them are directly associated with the gravitational forces imposed by the sun and the moon, and others are related to pressure stresses due to redistribution of surface load (Blewitt et al. 2001) . The seasonal snowcap of Villarrica, for example, has an estimated volume of 1.2 km 3 at the end of the winter season (Moreno et al. 1994) , which is completely removed during spring and early summer, although the glacier remains The glacier at Villarrica only retreated slightly during the recent decades (Rivera et al. 2012) . Snow unloading reduces vertical pressure on the cone which may finally lead to depressurization of the magma plumbing system and enhanced magma movement (Albino et al. 2010) . At the same time, the removal of the snow may cause reactivation of shallow normal faults and initiate tectonic earthquakes (Heki 2003) , and further facilitate the introduction of additional water into the hydrothermal system of the volcano, which in turn could provoke phreatomagmatic activity (Tuffen 2010) . Thus, seasonality is imposed on the cyclic variations described above. This is consistent with statistical analysis of eruption time series of South American volcanoes indicate a strong seasonality of eruptions with an increased occurrence rate during the period of crustal unloading which lasts from October to January and reaches a maximum in December (Mason et al. 2004) . Historic eruptions of Villarrica and Llaima occurred preferably during the Chilean spring and early summer reflecting this seasonality (e.g. Ortiz et al. 2003; Simkin and Siebert 1994) .
Consequences for volcano monitoring
Multi-parameter monitoring techniques used at active volcanoes are directly relevant for early warning strategies and thus for hazard mitigation (e.g. Sparks et al. 2012) . Although protocols for the definition of alert levels relevant to the general public exist at all volcano observatories, the detection of processes heralding volcanic unrest remains problematic (e.g. Chouet 2011). At Villarrica and Llaima volcanoes, external forcing of activity is very characteristic and produces reproducible cyclic variations. Although volcanoes in other latitudes and climatic zones with smaller differences in seasonal precipitation and temperature may show deviations from the general pattern presented here, at least tidal forcing has to be taken into account when defining their activity state. Thus, steep increases in degassing rates at permanently degassing volcanoes, like, for example, the short-term changes up to more than one order of magnitude at Villarrica and Llaima, should be interpreted in the context of tidal cycles. In order to establish criteria for early warning purposes, each volcano should be monitored for at least several months using sensors with adequately high time resolution. Thus, the effects of the tidal signal may be filtered out. Permanent seismic measurements are still the most commonly used volcano monitoring method worldwide. As the movement of magma in the crust can be detected by both seismicity and SO 2 measurements, a combination of the two provides a very strong tool for hazard mitigation. However, such efforts are intimately connected to intelligently managed volcano observatories.
Conclusions
Degassing at Llaima and Villarrica volcanoes seems to be modulated by a combination of solid Earth tides and atmospheric tides, since short-term (daily, weekly, fortnightly and monthly) cycles and long-term (annual) cycles are reflected in the degassing patterns. Peak emission rates were measured during full and new moon at fortnightly time lags, but also at half moon during the fortnightly tidal minima. Also, diurnal variations typically correspond well with the tidal cycles, and degassing peaks correspond to the periods of strongest deformation rates and minima in atmospheric pressure during each cycle. Although the observed phenomena described here relate directly to two volcanoes only, the general phenomenon should be of worldwide importance. As gas monitoring of volcanoes increases steadily, such external forcing mechanisms must be taken into account in order to define activity levels for the respective volcanoes. Semi-continuous gas measurements are necessary for the evaluation of the underlying degassing mechanisms.
